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ABSTRACT

The technology to rapidly manipulate and screen individual molecules lies at the frontier of measurement science, with
impacts in bio- and nano-technology. Fundamental biological and chemical processes can now be probed with
unprecedented detail, one molecule at a time. These "single molecule probes" are most often fluorescent dye molecules
embedded in a material or attached to a target molecule, such as a protein or nucleic acid, whose behavior is under study.
The fluorescence from a single dye molecule can be detected, its spectrum and lifetime measured and its absorption or
emission dipole calculated. From this information, the rotational and translational dynamics of the fluorophore can be
calculated, as can details of its photophysics. To the extent that these properties reflect the properties of the target molecule,
we can use these fluorescent tags to probe the dynamics and structure of the target. In this work we discuss the dependence
of the physical and photophysical dynamics of fluorescent molecules on their local environment, and we use confocal
microscopy to study single molecules in thin films, on surfaces, and in various liquid and gaseous environments.
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INTRODUCTION

Measurement of the fluorescence intensity, spectrum, lifetime, alignment, and polarization anisotropy of single molecules in-
situ, in-vitro, and more recently, in-vivo, enables the study of heterogeneous and non-equilibrium microenvironments that are
obscured in ensemble measurements.’™ The fluorescence from single dye molecules has been used to report back on the
local chemical and physical environment in polymers,>” sol-gels,*’ biological membranes,'®*? and living cells."”™ Single
molecule fluorescence has also been used to elucidate the motion of molecular motors,'®*® follow single enzymatic
reactions,"”*” and monitor the conformational changes of single proteins.”***

All single molecule fluorescence studies make use of a fluorescent probe that is either bound to a larger target molecule,
distributed dilutely in a matrix material, or adsorbed on a surface. The target molecule may be, for example, a nucleic acid
bound to the surface of a diagnostic chip. In an example given below, a fluorescently tagged RNA is bound to the surface of
a glass coverslip. Three questions need be answered before this system can be useful in a single-molecule study. First: To
what extent does the addition of a fluorophore modify the behavior of the target? This question is most often addressed using
bulk assays that do not require the use of the fluorescent tag. These assays miss details that may be embedded in the
distribution or time-dependence of molecular properties. Second: To what extent does the behavior of the fluorophore
reflect the properties of the target? This question is more difficult to answer and requires first that we understand how
different environments affect the tag, independent of the target. Finally: To what extent does the presence of the surface
modify the behavior of this target molecule? This question can only be fully answered at the single molecule level after the
first and second questions have been answered.

Here we work primarily towards the answer to the second question. In particular, we discuss the dynamics and photophysics
of dye molecules in different gaseous and liquid environments, on surfaces and in solution, and some techniques used to
study these dynamics. We discuss how these various physical environments can affect the fluorescence from single
molecules. We concentrate on intensity fluctuations and rotational dynamics.

In the first section of this paper we discuss single molecule fluorescence and confocal detection of single molecule
fluorescence. The origin of intensity fluctuations in single molecule fluorescence is reviewed and the rotational dynamics of
dye molecules on surfaces and in thin films, which affects the polarization and intensity of the fluorescence, is discussed.
The second section considers the effect of atmospheric conditions on fluorescence and presents data of single molecule
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fluorescence in air, oxygen, and nitrogen gas. Finally we discuss the intensity fluctuations and rotational dynamics of single
dye molecules on surfaces and in aqueous solution, including dye-tagged RN A molecules bound to a surface.
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Figure 1. The fluorescence intensity trajectory from a typical DilC;g molecule under ambient conditions. For this sample, the
dye molecules are embedded in a 60 nm thick polystyrene (PS) film made by spin casting 10 puL. of a 1 mg/mL polymer,

0.1 nmol/L dye solution in chloroform onto a pre-cleaned cover glass substrate. The data set is comprised of intensity
measurements in 1 ms bins for a total of 40 s. In the top panel, all of the data are displayed in a grayscale format; each column
in the image represents 32 ms (1250 columns). Below the image is plotted the total fluorescent photon counts in every 32 ms
interval vs. time. The second plot shows the first 1 s of data plotted on an expanded time scale. The bottom two plots show the
first 16 s of data on an expanded time scale.

1. MOLECULES AT SURFACES AND IN THIN FILMS

1.1 Single molecule fluorescence

The fluorescence vs. time from a single DilCyg (1,1'-dioctadecyl-3,3,3",3'"- tetramethylindocarbocyanine perchlorate) molecule
embedded in a thin polystyrene film is shown in Figure 1. Here fluorescence data are acquired by counting the number of
photons arriving at a detector in 1 ms intervals for a total of 40 s. The top panel shows all 40,000 intensity data points, with
time on both axes and the number of fluorescent photons represented by the grayscale (0 = black, 92 = white). The vertical
axis is 32 ms long, and the very first data point is plotted on the lower left. The second column contains the next 32 data
points, beginning at the bottom, and so on. Below the grayscale image we plot the total number of photons arriving at the
detector in a 32 ms interval vs. time, and below that are plotted all the data in the first 1 second and the first 16 s of the
measurement. Several features are evident from this data. First, the molecule emits at several different intensity levels and



switches between these on a slow (1 s) time scale. Second, this molecule undergoes what appears to be irreversible
photobleaching before 14 s, although it is possible that this state is merely another dim state. Finally, even within time
intervals of the data that appear to have steady intensity, there is intensity noise beyond that expected from shot noise, i.e., the
fluctuations are non-Poisson. For example, the photon count rate averaged over the first second, is 46.1 ms”. The rms value
of the noise is 10.9 ms™'. For a shot-noise limited (Poisson) source, this number would be closer to 6.8 ms”. Furthermore,
the fluctuations are not symmetric about the mean; they are predominantly towards a smaller number of photons, and in
several places go to zero. In an ensemble measurement, these features would not be evident. We would measure a constant
fluorescence intensity that may decay slowly over time due to photobleaching, and the measurement would likely be shot-
noise limited. From this we might assume that an "average molecule" would simply look like a dimmer version of the
ensemble. From bulk measurements we have no evidence for the remarkable time dependence in the fluorescence intensity
of a single molecule that is demonstrated in Figure 1.

The changes in fluorescence intensity are, in part, caused by the environment of the molecule. In general, a dye molecule has
an energy-level scheme (Jablonski diagram) similar to that shown in Figure 2. Here S, is the ground electronic state, S; is the

S | first singlet excited state, and T is a triplet state. The (power dependent)
A K excitation rate is given by kg, kq is the radiative decay rate out of Sy, and kg;
ise is the nonradiative decay rate of S;. The rate of intersystem crossing into the
K s, T triplet state is given by kis and the lifetime of the triplet state is T, . Generally
fl nr 1 . . .
Kaps the decay rate of the excited singlet state to the ground state (kg + kg}) is much
faster than ki,.. When 1, is much shorter than the signal integration time, the
1/t fluorescence intensity is expected to be shot-noise limited. The fast fluctuations
v that give rise to the non-Poisson statistics in the first second of the data shown
S() in Figure 1 are evidence that the molecule occasionally resides in the triplet
Figure 2. Jablonski Diagram that state.”® This triplet "shelving" is particularly noticeable upon removal of O,
represents the various states and processes which normally acts to quench or shorten the triplet lifetime.*** This is
involved in fluorescence phenomena. discussed in more detail in Section 2. The slower changes between different

intensity levels in Figure 1 then correspond to changes in the other rates, which
might for example be caused by changes in the spectrum. Changes in spectrum or rate constants might in turn be brought on
by conformational changes in the molecule or physical or chemical changes in its environment. 2*** While not all molecules
exhibit the rich behavior of this individual, very few indeed look like the "average" molecule whose properties might be
deduced from the properties of the ensemble (even when including photobleaching in our definition of "average").

1.2 Instrumentation

A schematic of the apparatus, which has been described in a previous publication, ” is shown in Figure 3a. A linearly
polarized CW laser beam at A=532 nm is passed through an electro-optic modulator (EOM) and quarter-wave plate (QWP).
The EOM and waveplates are for the fluorescence polarization modulation experiments described below and were not used
for the data taken in Figure 1. Two dielectric mirrors are used to direct the beam through an expander and into the rear port
of an inverted microscope (mirrors and beam expander not shown). Data are generally taken with laser input power of about
1 uW. A dichroic beamsplitter (Chroma Technology 545 DCLP) reflects the laser beam that is then focussed (to = 400 nm in
diameter, limited by diffraction and the quality of the beam spatial mode) on a cover glass surface using an oil immersion
objective (NA of 1.25 or 1.4). This objective is also used to collect laser-induced fluorescence; the red shifted emission
passes through the dichroic beamsplitter (>90% transmissivity for A = 550-720 nm). A holographic notch filter is used at the
detector to further reduce background excitation light. The 150 um diameter active area of a silicon avalanche photodiode
(APD) used for photon counting is positioned in the microscope image plane. The use of a confocal detection scheme means
that the detection volume in these experiments is always ~ 1 fL.. This small volume, and the corresponding rejection of
background fluorescence, is what makes the signal-to-noise ratio large enough to permit sensitive single molecule
fluorescence intensity measurements. An X-Y stage with piezo-electric actuators scans the sample and is controlled using
two digital-to-analog output channels of a computer interface board. The same board counts photon-generated pulses from
the APD. The sample can either be positioned directly over a molecule while data are acquired for long periods of time, or
the sample can be scanned to form images with single molecule sensitivity.



For the polarization modulation experiments, the
EOM (45°) and QWP (vertical=0°) are oriented
with respect to the laser polarization (vertical) so

_sample that linearly polarized light oriented at an angle
proportional to the voltage applied to the EOM is
high NA oil generated. The EOM was driven by a ramp
- g:;iﬁ:“ waveform (—190 V to +190 V) through retardance
L polarizing from —A/2 to A/2. With the QWP as described
D%li‘:;m M/4 retarder beamsplitter above, linearly polarized light with polarization
angle rotating in time through 180 degrees is

generated. The phase of the modulated fluorescence
function with respect to that of the ramp waveform used to

= .
beamsplitter
I

Holographic g [ o generator drive the EOM indicates the orientation of the
Noteh Filter absorption dipole of the molecule. This imaging
hy Avalanche technique is conceptually analogous to that reported
§o] | Protodiode ager in Ref. (29) used to spatially resolve absorption
dichroism in mesostructured materials. T. Ha et
al. *® used polarization modulation to measure the
b) laser linear polarization orientation of single molecules on a somewhat
angle rotates in time slower time scale than that presented here.

Orientation imaging of single molecules using this
method was demonstrated in a recent work by some
of the present authors.’

SM dipole orientation

We discuss only orientation in the (X-Y) sample
plane and make no attempt to measure orientation
in z (the optical axis of the system) in these
experiments. Several recent papers discuss
techniques for measuring the z-component of the
absorption dipole.”*?*

Figure 3. (a) Schematic of the sample scanning confocal microscope
with polarization rotation capabilities for our single molecule research.
The electro-optic modulator, when driven with a ramp waveform (—-190V
to +190 V) and in combination with the A/4 retarder generates linearly
polarized laser light which rotates in time. (b) Fluorescence from a
molecule with a well defined absorption dipole axis excited with light
will be modulated with a phase that depends on the orientation of its 1.3 The rotational dynamics of single molecules
absorption dipole. One cause of intensity fluctuations for the
molecules in Figure 1 is rotational motion. The
intensity is dependent upon the relative orientation of the excitation polarization and the molecule's absorption dipole
moment (which affects k,,). When these are aligned absorption, and thus fluorescence, is maximized. Conversely, when
they are perpendicular the absorption is zero and fluorescence near the background level is observed. The rotational mobility
of a fluorophore is expected to be dependent on its chemical and physical environment. One might think that molecules
adsorbed on a surface or embedded in a polymer below T, the glass transition temperature, would not show any rotational
dynamics since their interaction with the surface or polymer would presumably hold them in place. Instead, molecules in
thin polymer films and on surfaces demonstrate a wide range of orientation dynamics and can be used as sensitive probes of
their immediate environment. *’

In general, the ability to 'watch' molecular orientation has significant impact on scientific discovery in biology, chemistry,
and physics. A great deal of current research seeks to understand rotational mobility of proteins and lipids in cell membranes
and in cellular function. *'*****>** Studies of binding and catalysis that use the efficiency of fluorescence resonance energy
transfer (FRET) as a proximity probe ****7 can be improved when combined with high precision orientation information,
since the FRET efficiency depends on relative orientations of donor and acceptor chromophores. For materials science,
single molecule orientation monitoring is attractive for understanding molecular scale motions and site heterogeneity in
polymeric and self-assembled systems. One technologically important example is the development of chromophore doped
polymers as inexpensive alternatives to inorganic nonlinear optical (NLO) materials.*® In this case, the temporal decay in
alignment of poled chromophores in polymers has prevented widespread application of polymer NLO materials.” Another
topic of intense research and debate involves understanding how and why polymer properties in thin films differ from bulk
properties.’®* These research fields can benefit from new insight provided by observing the static and dynamic properties of
individual chromophores.
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Figure 4. A representative example of single molecule reorientation dynamics. The top panel shows the fluorescence
intensity data for a DilC,3 molecule in a 60 nm thick PVB film using the same format as in Figure 1. This molecule, however,
was excited with rotating linearly polarized light. Each column displays 32 ms and 4 modulation cycles of data. The phase
of the modulated fluorescence gives the orientation. Large and instantaneous (on the time scale of our measurement) jumps
in orientation are observed. The corresponding orientation and average count rate are also plotted. This molecule visited

three different orientations during the measurement.

In a recent report, the orientation of single rhodamine 6G molecules has been tracked for hours and used to study the
rotational freedom of motion within poly(methylacrylate) thin films near T,, the glass transition temperature.® In Figure 4 we
track the rotational dynamics of a molecule in a polymer at room temperature, well below T, with 32 ms resolution. Here
the molecule is DilC 5 embedded in a poly(vinyl butyral) (PVB) film 60 nm + 20 nm thick, with molecular weight** A,

Figure 5. Single DilC;3 molecules embedded in a 60 nm
thick PVB film. The beginning of each scan line (vertical)
is synchronized with the initiation of polarization rotation,
resulting in bright and dark stripes indicative of molecular
orientation (see text). The image is acquired with
polarization modulation frequency of 200 Hz, laser power
of 1 uW, and 1ms bin time per pixel. The image is 600 x
600 pixels (20 um x 20 pum).

=115,000 and T, = 51 °C. The molecule is illuminated with
polarization modulated light and the fluorescence is collected,
as discussed above. A molecule that is stationary will display
maximum fluorescence when the excitation polarization is
aligned along the absorption dipole axis of the molecule. The
fluorescence will be zero when the excitation light is polarized
perpendicular to the absorption dipole. Out-of-plane
components of the absorption dipole axis will decrease the
maximum fluorescence (decrease kgps) but the minimum in the
fluorescence remains zero. Molecules that are completely free
to move, and do so on a time scale much faster than the 125 Hz
polarization modulation, will have fluorescence that is
independent of the phase of the excitation polarization. The top
panel of Figure 4 shows the fluorescence of a single molecule
over 32 s plotted in the same way as the data of Figure 1. Here
the polarization modulation leads to intensity modulations that
are evident as stripes in Figure 4 (top), indicating that this
molecule is stationary. The phase of these stripes gives the
absolute orientation of the molecule; the jumps in position of
the stripes are clear evidence for orientation jumps of this
molecule. Approximately one-half of the molecules in any
given sample show rotational motion on this 32 second time
scale. Rotational behavior varies widely from molecule to
molecule, with some molecules diffusing quickly around (too
fast to be tracked in this experiment) while others show clear
"pauses" at preferred positions with fast diffusion in between
and some, like the one in Figure 4, with just a few quasi-stable
positions, fast jumps between them, and no evidence for
diffusion between states. Molecules distributed on bare glass
substrates show similar behavior, indicating that the difference



in rotational motion is likely due to differences in the static micro-environments of the molecules and not dynamics in the
polymer. Subtle differences appear for molecules in different thickness polymer films; in general there is more rotational
motion in thinner films.” The physical characterization of thin polymer films is notoriously difficult to obtain; single
molecule probes offer a new approach to this long-standing problem.

A quick method for ascertaining the rotational mobility of an entire scan field of dye molecules on a surface or in a thin film’
is demonstrated in Figure 5. As in normal sample scanning confocal microscopy, an image of the surface is acquired by
scanning the sample through the focused laser spot. Here the polarization is modulated at 200 Hz while scanning, and the
beginning of each scan line is synchronized with the start of a modulation sine wave. At each pixel, fluorescent photons are
collected at the APD with 1 ms integration time. As a result of the polarization modulation of the excitation light, stationary
molecules appear to have stripes across them with orientation perpendicular to the scan direction. The bright/dark regions
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Figure 6. Representative intensity trajectories of single DilC,;3 molecules under O, purge (a), air purge (b), and N, purge (c)
conditions. In each case, the molecules are embedded in a thin PS film and the data are acquired with 1 ms bins for 40 s. The
data are plotted under each panel with 32 ms binning. In addition, expanded views of the first 1 s of data are shown for each.



correspond to times at which the polarization of the excitation light is parallel/perpendicular to the absorption dipole moment.
Molecules that change orientation during the imaging process show a shift in the position of these stripes (the stripes are
discontinuous and look ragged or broken). Figure 5 shows a 20 um x 20 um (600 pixels x 600 pixels) image produced using
this method for DilC,3 molecules in a 60 nm thick PVB film. The fast scan axis is vertical and the illumination power level
was 1 uW. Note that this technique is also useful for distinguishing between single molecules which have a well-defined
absorption dipole axis and clusters of molecules that have only partial or no sensitivity to the polarization of the excitation
light. Here we can immediately pick out molecules with rotational mobility, and we can easily see that most of the molecules
in this image are stationary.

2. MOLECULES IN DIFFERENT GASEOUS ENVIRONMENTS

So far we have discussed one way in which the molecular transition rates - in particular k,, - can be affected by the local
environment of the molecule. Since a direct radiative triplet to singlet transition is forbidden, the triplet lifetime t; will

depend on molecular collisions, and in particular the presence of
oxygen. Photobleaching also depends on oxygen concentration
and is generally considered to be due to oxidation from the triplet
state. Both of these phenomena are evident in Figure 6, where
intensity vs. time is plotted for three molecules. These examples
were selected from data sets taken on samples prepared
identically, but acquired while purging with O, (Fig. 6a), in air
(Fig. 6b), and while purging with N, (Fig. 6¢). While a great
range of behavior, similar to the molecule in Figure 1, can be
observed for each experimental condition, on the average we see
longer lifetime before photobleaching and longer 1, as the

oxygen content is decreased. Even though the DiC;3 molecules
are embedded in a thin (approximately 50 nm) polystyrene film,
the effect of adjusting the oxygen content is significant. The
same format as used in Figure 1 is used again in Figure 6; below
the grayscale panel showing all the intensity data, the total
number of photons counted in each 32 ms column is plotted. At
about 4 s the molecule in Figure 6a photobleaches. Prior to
photobleaching, there is only very weak evidence of a triplet
state. The first second of data are shown in the bottom panel of
Figure 6a. The average value of the count rate is 54.3 ms™ and
the rms noise is 9.97 ms™' (compared to 7.4 ms™ for a Poisson
distribution). In other cases the intensity distribution in oxygen
is perfectly Poisson and the triplet effect is undetected. In Figure
6b, in which the molecule is in room air, the downward spikes
indicative of triplet shelving become evident and the distribution
is very clearly not Poisson. In a nitrogen atmosphere, or in
vacuum,”* the triplet state is significantly lengthened and the
triplet effects are apparent for a majority of molecules present.
Figure 6¢ shows a single molecule in the same PS film under
nitrogen atmosphere. Here the dark triplet state is clearly evident
Figure 7. Images of the same scan field of view of DilC g in the bottom, as the intensity repeatedly falls to the background

molecules under N, purge (a) and under O, purge (b). for intervals over a millisecond. Without oxygen, the molecule
Expanded views of three different molecules under both also lives longer, photobleaching near 15 s. Again we point out
conditions are shown in the panels to the right of each that a wide variety of intensity fluctuation phenomena are
mage. observed for each experiment condition and the choices shown

here were selected to demonstrate these basic trends that we have observed.

The triplet state lifetime dependence on the presence of oxygen is demonstrated again in Figure 7 which shows confocal
images of the same area of molecules while purging with N, (Fig. 7a) and while purging with O, (Fig. 7b). Expanded views
of three different molecules (labeled 1, 2, and 3) are shown for both conditions. The "speckle" evident in the top image



(nitrogen) is not noise - rather it is the intermittency brought on by an extended 1, = In Figure 7b, this effect almost

completely disappears as 1, decreases with oxygen content.

3.1 In solution

3. MOLECULES IN AQUEOUS BUFFER

Single molecule studies of biological molecules are generally done in aqueous solution, with the molecules either tethered to
a surface or free to diffuse in the bulk. Ideally, we would like to study the interactions of biomolecules in their natural
environment, e.g., inside a cell or cell membrane. More and more, single molecule probes are being used in living
organisms.”"®> But when studying a molecule in-vivo is not possible, or when the goal is a high-throughput in-vitro screen or
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Figure 8. Tethering RNA to a
surface.

3.2 Bound to a surface

A number of recent single molecule experiments rely on the
ability to tether a molecule without significantly changing its
activity.”***** A common scheme for tethering nucleic acids
to surfaces exploits the high affinity bond of biotin with
streptavidin (dissociation constant K4 ~107°M) shown
schematically in Figure 8. Here, a single stranded RNA
molecule is labeled with Cy3™ (Amersham Pharmacia Biotech
Ltd.) atits 3' end. Atthe 5'end, a single biotin molecule is
attached to the RNA via a flexible tether. Streptavidin, which
is a homo-tretramer, links the biotinylated RNA molecule to a
coverslip coated with biotinylated bovine serum albumin

(BSA).

If we use the scheme discussed above for measuring the
rotational behavior of these molecules we find that the
dynamics of the fluorophore are modified by the surface. In
Figure 9 we show an image, taken the same way as the image
in Figure 5, of these molecules. This sample is prepared by
exposing a clean glass substrate to 1 mg/ml biotinylated BSA,

binding assay, it is often possible to detect and study single tagged molecules in solution.
Indeed, the earliest single molecule detection schemes were in liquid, ** including a
proposed technique for DNA sequencing using fluorescence detection of single
molecules.*®

When working in solution, with the molecule free to diffuse or flowing through the
confocal detection volume, the detection time of any one molecule is limited to the time it
spends in the confocal volume. For small molecules in aqueous solution this time can be
a fraction of a millisecond. By observing many such events, one can measure diffusion
coefficients, or determine concentrations of various diffusing species that may be present.
A large body of literature exists on the use of fluorescence fluctuation correlation
spectroscopy in this context.*”** Some applications of this technique are to sorting single
molecules,”® mapping the flow field in microchannels,*® and detection of prion-protein
aggregates.”® If we want to watch the dynamics of a single molecule over time, for
example to observe enzymatic turnovers or structural changes upon binding, we need a
molecule that remains within the detection volume so we can observe its behavior for a
longer duration, preferably for many seconds, or even hours. Schemes for immobilizing
molecules without disrupting their normal activity have involved placing the molecule in
an aqueous gel'”! or tethering the molecule to a surface.”***** Here we concentrate on
the latter.

then 1mg/ml streptavidin, and finally 1 nmol/L RNA labeled ] ] ]
as described above. The absence of stripes on many of these Figure 9. Single RNA molecules in aqueous buffer. The

molecules indicates that those molecules are rotating freely.
However, there are many molecules that show at least some

beginning of each scan line (vertical) is synchronized with
the initiation of polarization rotation, as in Figure 5.



evidence of stripes, meaning that rotation in these cases is hindered. For these molecules, the rotational diffusion of the
fluorophore, and probably also the rest of the molecule, is inhibited by the presence of the surface.

In Figure 10 we show the intensity fluctuation behavior and rotational dynamics of three selected examples of Cy3 tagged
RNA surface tethered molecules. The data are acquired and displayed as in Figure 1, except that the total observation time
per molecule is 6.4 s. We can see in Figure 10 that there are periods of time in which the fluorescence becomes modulated,
indicating that there is a tendency for these molecules to stick to the surface. In addition, we see that there are associated
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Figure 10. Representative intensity trajectories of single Cy3 molecules attached to RNA tethered to a surface, as described in

the text. The excitation light is polarization modulated at 125 Hz. The data are plotted under each panel with 32 ms binning and
with 1 ms binning. Striped regions indicate times when the rotation of the molecule was hindered by the surface.

intensity fluctuations in the fluorescence. Here the polarization modulation leads to intensity modulations that are evident as
clear stripes at about 2.5 s to 4.0 s in Figure 10c. Weak stripes are in evidence elsewhere, indicating that these molecules are
not perfectly free to rotate.



This hindered motion has implications in single molecule studies of RNA binding and folding. Frequently, fluorescence
resonant energy transfer (FRET) or fluorescence quenching is used to determine intra- or inter-molecular distances or

conformation. These techniques use changes in fluorescence intensity (via changes in kq or kﬁ; ) to determine changes in

distance in the 0.1 nm -10 nm range. The effect of rotational dynamics and intensity fluctuations are generally ignored in
these studies. Intensity fluctuations due to triplet shelving might well be ignored for molecules in aqueous buffer, where
triplet lifetimes tend to be short. However, for tethered molecules such as those shown here (where hindered motion of the
fluorophore occurs) the effect of orientation on FRET or quenching needs to be considered. In the case of quenching, a
fluorescent lifetime measurement might be more informative than a simple measurement of fluorescence intensity, since this
probes kg directly and is not affected by changes in kg, caused by rotation of the molecule. To the extent that the surface
may also modify kg, we have a problem that is more difficult to solve.

Why are some of the molecules in Figure 9 apparently free to move and others hindered? Here, as in the polymer case, we
have evidence for local heterogeneity of the surface. It may be possible that a careful study of this surface, and of surfaces
prepared with different protocols, will result in a more effective substrate for tethered RNA assays.
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